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Abstract

The three-dimensional structure of the anti-apoptotic protein Bcl-xL complexed to a 25-residue peptide from the death
promoting region of Bad was determined using NMR spectroscopy. Although the overall structure is similar to Bcl-xL

bound to a 16-residue peptide from the Bak protein~Sattler et al., 1997!, the Bad peptide forms additional interactions
with Bcl-xL. However, based upon site-directed mutagenesis experiments, these additional contacts do not account for
the increased affinity of the Bad 25-mer for Bcl-xL compared to the Bad 16-mer. Rather, the increased helix propensity
of the Bad 25-mer is primarily responsible for its greater affinity for Bcl-xL. Based on this observation, a pair of
16-residue peptides were designed and synthesized that were predicted to have a high helix propensity while maintaining
the interactions important for complexation with Bcl-xL. Both peptides showed an increase in helix propensity compared
to the wild-type and exhibited an enhanced affinity for Bcl-xL.
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The Bcl-2 family of proteins are important regulators of pro-
grammed cell death. Some members of this family~e.g., Bax, Bak,
and Bid! promote apoptosis, while others such as Bcl-xL and Bcl-2
protect against programmed cell death~Adams & Cory, 1998;
Minn et al., 1998!. The proapoptotic and anti-apoptotic proteins
within the Bcl-2 family interact with one another and antagonize
each others activities~Yang et al., 1995!. We have previously
described the 3D structure of the cell survival protein Bcl-xL ~Much-
more et al., 1996! and a Bcl-xL0Bak peptide complex~Sattler
et al., 1997!. Bcl-xL is an all a-helical protein that contains a
hydrophobic cleft, which binds to the Bak peptide. When bound to
Bcl-xL, the Bak peptide adopts an amphipathica-helix. The 3D
structure and binding affinities of mutant Bak peptides revealed
that complex formation is stabilized by specific hydrophobic and
electrostatic interactions.

Another pro-apoptotic protein, Bad, also binds tightly to Bcl-xL.
The region of Bad responsible for binding to Bcl-xL is homologous
to Bak. However, unlike the tight binding observed with the Bak
16-mer, a 16-residue peptide derived from this region of Bad ex-
hibited little or no interaction with Bcl-xL. To obtain tight binding
to Bcl-xL, it was necessary to extend the length of the Bad 16-mer
at both the N- and C-termini. These longer peptides containing 26
amino acids were found to bind tightly to Bcl-xL with a KD of
;6 nM ~Kelekar et al., 1997; Ottilie et al., 1997!. This suggests that
Bcl-xL contains additional binding pockets that were not identified
in our previous structural studies of the Bcl-xL0Bak peptide com-
plex. These additional binding sites on Bcl-xL may be critical for
mediating complex formation with Bad and for conferring the bind-
ing specificity observed within the Bcl-2 family of proteins.

To determine the structural features important for formation of
the Bcl-xL0Bad complex, the solution structure of Bcl-xL com-
plexed with a 25-residue peptide derived from the Bad protein
~residues 140–164! was solved. In addition, we measured the bind-
ing affinities of mutant Bad peptides to Bcl-xL to define the rela-
tive contributions of the amino acid residues of Bad for binding to
Bcl-xL. Because the peptides that bind to Bcl-xL adopt ana-helix
in the bound state, we also examined the helix propensity of these
peptides using CD. From these studies we explain why the Bad
16-mer does not bind, even though it contains most of the key
residues in Bak that interact with Bcl-xL.

Reprint requests to: Stephen Fesik, Abbott Laboratories, 100 Abbott
Park Rd., D460, AP10, Abbott Park, Illinois 60064-6098; e-mail: stephen.
fesik@abbott.com.

Abbreviations:CD, circular dichroism, NTCB, 2-nitro-5-thiocyanato-
benzoic acid; NOE, nuclear Overhauser effect; RMSD, root-mean-square
deviation; HSQC, heteronuclear single-quantum coherence; NOESY,
nuclear Overhauser effect spectroscopy; TOCSY, total correlation spec-
troscopy; FITC, fluorescein-isothiocyanate; TFE, trifluoroethanol; 3D,
three-dimensional.
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Results and discussion

Structure determination

A total of 2,475 nontrivial NMR-derived restraints were employed
in the structure calculations of the Bcl-xL0Bad peptide complex.
The restraints were derived from 1,904 intramolecular NOEs for
Bcl-xL, 88 intramolecular NOEs for the Bad peptide, 129 inter-
molecular NOEs, 162 slowly exchanging amide protons, and 192
w andc torsional restraints obtained from chemical shift database
searching using the TALOS program~Cornilescu et al., 1999!.

The structure of the complex was well defined by the NMR data
except for the artificial loop connecting helix 1 and helix 2~res-
idues 31–44! and a few residues at the N- and C-termini~Fig. 1;
Table 1!. In the final set of structures, there were no distance
violations greater than 0.4 Å, and no dihedral angle violations
greater than 58. In addition, the energy for the van der Waals
repulsion term is small~Table 1!, indicating that the structures do
not contain unfavorable interatomic contacts. The RMSD about the
mean coordinate positions for residues 5–30 and 45–210 of Bcl-xL

and 3–20 of the Bad peptide in the ensemble of 20 structures
~Fig. 1! was 0.586 0.07 Å for the backbone and 1.116 0.06 Å for
all heavy atoms. Analysis of the average, minimized structure with
the program PROCHECK-NMR~Laskowski et al., 1996! showed
that 94.4% of the residues are in the allowed region of the Ram-
achandran plot.

Description of the structure

The structure of Bcl-xL ~Fig. 2! consists of eighta-helices con-
nected by loops. Helix 5 is primarily hydrophobic and forms the
core of the molecule with the other amphipathic helices seques-
tering the core from solvent. Although absent in the uncomplexed
protein, helix 8 was observed in the complex of Bcl-xL with the
Bad peptide.

The loop connecting helix 1 and helix 2 that has been shortened
with respect to the wild-type protein is unstructured in solution as
evidenced by the lack of medium- and long-range NOEs for this
region. Helix 2 is connected to helix 3 by a single residue, Tyr105,
which results in a nearly orthogonal orientation for these two

helices. The loops between helix 3 and 4, helix 4 and 5, and helix 5
and 6 consist of 14, 4, and 3 residues, respectively, and in each
case, the loops allow a nearly 1808 chain reversal.

The binding site for the Bad peptide is a groove lined with
hydrophobic side chains formed predominately by helix 2, 3, 4,

Fig. 1. Stereoview of the backbone atoms~N,Ca,C9! of 20 superimposed NMR-derived structures of the Bcl-xL0Bad complex. The
Bad peptide~residue 140–164 of Bad! is shown in red. PDB acession code: 1G5J.

Table 1. Structural statistics for the Bcl-xL0Bad complex

^SA&a ^ RSA&r

RMSD from experimental distance restraints~Å!
Protein~NOEs!

Intraresidue~654! 0.00766 0.003 0.004
Sequential~421! 0.0236 0.002 0.025
Medium range~399! 0.0216 0.003 0.019
Long range~430! 0.0166 0.001 0.015
Hydrogen bonds~142! 0.0216 0.002 0.023

Peptide~NOEs!
Intraresidue~48! 0.0006 0.000 0.000
Sequential~21! 0.0016 0.001 0.000
Medium range~14! 0.0196 0.016 0.029
Long range~0!
Intermolecular~129! 0.0126 0.002 0.014
Hydrogen bonds~20 ! 0.0476 0.009 0.038

X-PLOR potential energies~kcal mol21!b

Etot 141.16 18.3 196.4
Ebond 7.76 0.8 9.1
Eang 105.86 4.0 107.2
Eimp 10.26 1.6 8.4
Erepel 35.46 3.3 32.4
Enoe 2.56 0.8 2.2
EL-J 21,137.46 19.0 21,060.9

Cartesian coordinate RMSD~Å!
c

N, Ca, and C9 All heavy

^SA& vs. ^ RSA&r 0.586 0.07 1.116 0.06

a^ SA& is the ensemble of the 20 lowest enegy structures while^ RSA&r is
the energy-minimized mean structure.

bEL-J was not used in the refinement, but is included as an independent
assessment of nonbonded geometry.

cFor residues 5–30, 45–210 of the protein and residues 142–158 of the
peptide.
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and 8, and the four-residue loop connecting helix 4 to helix 5
~Figs. 2, 3!. The peptide binds as an amphipathica-helix from
residue 144 to 160 with its hydrophobic side contacting the protein
~Fig. 3A!. The three residues at the amino-terminus and the five
residues at the carboxy-terminus are in an extended conformation
with the exception of Phe162, which kinks toward the protein and
makes contact with residues in helix 7 and helix 8. The side chains
of Tyr147, Leu151, and Phe158 of the peptide are completely
sequestered from solvent in the complex. The Tyr147 subsite is
composed of side chains from Phe105, Leu108, Val126, Phe146,
and Leu150 of Bcl-xL, while the Leu151 subsite is composed of
side chains from Phe97, Ala104, Phe105, Leu130, Ala142, and
Phe146. The Phe158 subsite is composed of Ala93, Phe97, Gly138,
Val141, and the aliphatic portion of Glu96. The other residues of
the peptide that contact the protein~Ala144, Ala145, Met154,
Ser155, Val159, and Ser161! are partially exposed to solvent.

Comparison to Bcl-xL0Bak peptide structure

The overall fold of Bcl-xL bound to the Bad peptide is very similar
to that observed in the BcL-xL0Bak complex. However, there are
some interesting differences at the peptide–protein interface
~Figs. 3B, 4!. The peptide binding groove of Bcl-xL is somewhat
wider in the Bcl-xL0Bad complex than in the Bcl-xL0Bak com-
plex, especially near the amino-terminal end of helix 3. For the
bound Bak peptide, this region accommodates a valine residue;
whereas, in the Bad peptide, this valine is substituted by a tyrosine.
Thus, in binding to the Bad peptide, the groove must open up to
accommodate a larger side chain at this position. In addition, he-
lix 3 is distorted in the Bcl-xL0Bad complex compared to the
Bcl-xL0Bak complex~Figs. 3B, 4!. This may be due, at least in
part, to the different role played by Phe105 in the two complexes.
In the Bcl-xL0Bak complex, the side chain of Phe105 is pointing
away from the core of the protein and interacts with Ile80 and
Ile81 of the Bak peptide. In contrast, in the Bcl-xL0Bad complex,
Phe105 is rotated inward and interacts with Tyr147 and Leu151 of

the Bad peptide. Thus, in the Bcl-xL0Bak peptide complex, Phe105
interacts with two partially exposed, aliphatic residues; whereas, in
the Bcl-xL0Bad peptide complex, Phe105 forms an integral part of
the binding site for two buried residues.

In addition to the differences between Bcl-xL0Bak and Bcl-xL0
Bad at the core of the binding site, the longer Bad peptide makes
new contacts at both ends of the binding groove. While the amino-
terminal asparagine and the Trp142 are completely solvent ex-
posed, Leu141, Ala144, and Ala145 clearly form interactions with
the protein. At the carboxy terminus of the Bad peptide, Phe162
interacts with Tyr195, Ala199, and Ser203 of Bcl-xL.

Mutagenesis of the Bad peptide

To determine which of the additional interactions observed be-
tween Bcl-xL and the N- and C-terminal residues of the Bad pep-
tide are responsible for the increase in binding affinity observed for
the Bad 25-mer compared to the Bad 16-mer, the additional resi-
dues of the longer Bad peptide were mutated, and the resulting
peptides tested for binding to Bcl-xL ~Table 2!. When Asn140,
Leu141, or Trp142 at the amino terminus of the Bad peptide were
mutated to Ala, there was no effect on binding to Bcl-xL. In fact,
a peptide in which all three residues were mutated to alanine still
bound tightly to Bcl-xL ~Table 2!. Mutation of Ala144 and Ala145
to glycine also does not significantly affect the affinity of these
mutant peptides for Bcl-xL. Similarly, individual mutations of the
four carboxy-terminal residues of the Bad peptide to alanine have
essentially no effect on the affinity of the Bad peptide for Bcl-xL.
These results suggest that the interactions observed between Bcl-xL

and the N- and C-terminal residues of the Bad peptide observed in
the NMR structure of the complex do not contribute to the binding
affinity of the longer Bad peptide for Bcl-xL.

In addition to the mutations discussed above, mutants of the Bad
16-mer were prepared in which individual residues were changed
to those found in the Bak peptide. These studies were conducted to
explore the possibility that one or more of the Bad residues may

Fig. 2. A Ribbons ~Carson, 1987! depiction of the averaged, minimized
NMR structure of the Bcl-xL0Bad complex. The BH1, BH2, and BH3
domains of Bcl-xL are colored yellow, red, and green, respectively, and the
Bad peptide is shown in purple.

Table 2. Peptide binding to Bcl-xL

Sequence
Kd

~nM!a

GQVGRQLAIIGDDINR ~Bak 16-mer! 480

QRYGRELRRMSDEFVD ~Bad 16-mer! 50,000

NLWAAQRYGRELRRMSDEFVDSFKK~Bad 25-mer! 0.6

ALWAAQRYGRELRRMSDEFVDSFKK 0.4
NAWAAQRYGRELRRMSDEFVDSFKK 0.7
NLAAAQRYGRELRRMSDEFVDSFKK 0.3
AAAAAQRYGRELRRMSDEFVDSFKK 0.5
NLWGAQRYGRELRRMSDEFVDSFKK 0.8
NLWAGQRYGRELRRMSDEFVDSFKK 2.4

NLWAAQRYGRELRRMSDEFVDAFKK 0.3
NLWAAQRYGRELRRMSDEFVDSAKK 2.1
NLWAAQRYGRELRRMSDEFVDSFAK 1.2
NLWAAQRYGRELRRMSDEFVDSFKA 0.2

aMeasured in a fluorescence polarization competition assay as described
in Materials and methods.
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form unfavorable contacts with the protein, which could reduce the
binding affinity of the Bad 16-mer compared to the Bak 16-mer. As
shown in Table 3, the only mutation with any effect on the affinity
of the Bad 16-mer for Bcl-xL is the substitution of Asp160 with an
arginine. One possible explanation for the increase in affinity for
the Asp to Arg mutation is that Arg160 forms additional contacts
with the protein. However, in the structure of the Bcl-xL0Bad
complex~Fig. 3!, Asp160 is solvent exposed and points away from
any charged residue of the protein. Therefore, the observed boost
in affinity upon changing this residue to an arginine cannot be
explained by additional peptide–protein interactions. Another pos-
sibility is that Asp160 has a destabilizing effect on helix formation
due to its proximity to Asp156 and Glu157 in the bound peptide.
Furthermore, thea-helix has a large macrodipole and a negatively
charged residue near the carboxy terminus would be expected to

have a destabilizing effect~Muñoz & Serrano, 1995a!. Therefore,
substitution of Asp160 with an arginine may stabilize helix for-
mation and thus explain the increased affinity of the Arg160 mu-
tant peptide for Bcl-xL.

Helix propensity and peptide design

To test the importance of helix propensity for peptide binding to
Bcl-xL, CD spectra were acquired for various peptides in 30%
TFE. From the mean residue ellipticity at 222 nm, the percentage
of a-helix was derived and compared to the affinity of each peptide
for Bcl-xL ~Table 4!. As hypothesized, the Asp160 to Arg mutant
possesses a greater helix propensity compared to the wild-type Bad
16-mer, which is consistent with its increase in affinity for Bcl-xL.
Also consistent with our hypothesis are the measurements made on

Fig. 3. A: Connolly surface of Bcl-xL with bound Bad peptide. Valine, leucine, isoleucine, tyrosine, phenylalanine, tryptophan, and
alanine side chains of the protein are colored yellow, lysine and arginine side chains are colored blue, glutamate and aspartate side
chains are colored red. The residues of the Bad peptide are labeled.B: The NMR structure of the Bcl-xL0Bad peptide complex in which
the protein side chains are shown and labeled. Binding site for Bad peptide on Bcl-xL with selected sidechains of the protein labeled.
The side chain of Phe105 is colored orange.
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the Bak 16-mer and the Bad 25-mer. Both have a higher helix
propensity than the wild-type Bad 16-mer and, as with the Asp160
to Arg mutant, their increased helicity parallels their improved
affinity for Bcl-xL.

To further test the importance of helix propensity for peptide
binding to Bcl-xL, two peptides were designed, based on the Bad
16-mer, with the aim of increasing helix propensity while main-
taining the native contacts to the protein. This was accomplished
using the program AGADIR~Muñoz & Serrano, 1995a, 1995b! as
described under Materials and methods. Tyr147, Leu151, Asp156,
Phe158, and Val159, which closely contact the protein, were left
intact in both of the designed peptides. Only the solvent-exposed
residues that would not be expected to affect the binding affinity
were changed. Both peptides were found to have a markedly in-
creased helix propensity compared to the native Bad 16-mer
~Table 4!. Furthermore, both peptides bind much more tightly to
Bcl-xL than the wild-type Bad 16-mer, suggesting that the ability
to form ana-helix is a critical factor for binding to Bcl-xL.

Conclusions

We have determined the solution structure of a 25-residue peptide
from the Bad protein bound to Bcl-xL to compare its mode of

binding to that previously observed for a 16-residue peptide from
Bak. To our surprise, the additional interactions observed between
the extra residues of the Bad 25-mer and the protein were not
responsible for the increased affinity of the Bad 25-mer for Bcl-xL

compared to the Bad 16-mer. Indeed, based on mutagenesis stud-
ies, we have shown that these extra residues contributed very little
to the increased affinity of the Bad 25-mer for Bcl-xL. Instead, the
increase in affinity of the longer Bad peptide is due to the increase
in helix propensity of the 25-mer compared to the 16-mer. To
support this conclusion, we designed two 16-residue peptides with
high helix propensity, which maintained the native contacts of the
Bad peptide with Bcl-xL. Both peptides bound much more tightly
to the protein than the wild-type.

This study clearly demonstrates that the intermolecular contacts
in a protein0 ligand complex are not always sufficient to explain a
ligand’s binding affinity. The energetic accessibility of the bound
conformation must also be considered. In the case of the Bad
16-mer binding to Bcl-xL, energetically favorable interactions be-
tween the peptide and the protein could not overcome the ener-
getically unfavorable intrapeptide interactions necessary for helix
formation. These same considerations can be applied to the design
of protein-targeted drug molecules, many of which are highly flex-
ible ~Furet et al., 1999; Matthews et al., 1999; Shakespeare et al.,
2000!. In such cases it may be necessary to consider not only the
spatial placement of binding elements, but also the conformational
flexibility of the scaffold to which they are attached.

Materials and methods

Sample preparation

All studies were conducted using a carboxy-terminal histidine-
tagged deletion mutant of Bcl-xL that lacks the putative carboxy-
terminal transmembrane region and residues 49–88, a flexible loop
not necessary for antiapoptotic activity~Muchmore et al., 1996!.
Unlabeled, uniformly15N, uniformly 15N,13C, and uniformly
15N,13C,75%2H protein samples were prepared by growingEsch-
erichia coli strain BL21~DE3! that overexpresses this protein. All
Bcl-xL samples were purified by affinity chromatography on Ni-
NTA resin ~Novagen, Madison, Wisconsin!. The Bad 25-mer cor-
responds to residues 140–164 of the Bad protein, and the Bak
16-mer corresponds to residues 72–87 of the Bak protein~Kelekar
et al., 1997!.

Unlabeled peptides were obtained from SynPep Corporation
~Dublin, California! at a purity of.90% and were used without
further purification. Uniformly15N and15N,13C-labeled Bad pep-
tides were prepared as a fusion protein with the N-terminal end of
the CARD domain from RAIDD, followed by thiocyanylation-
alkaline cleavage of the fusion protein according to the protocol of
Stark~1977!. The cleavage efficiency was about 70–80% and the
peptide obtained in this way did not contain any modified residues.
The following 1:1 complexes were prepared at concentrations of
0.5–1.0 mM in a 40 mM sodium phosphate buffer~pH 7.0! in
2H2O or H2O02H2O ~9:1!: 15N-Bcl-xl0unlabeled Bad,15N,13C-
Bcl-xl0unlabeled Bad,15N,13C,75%2H-Bcl-xl0unlabeled Bad, un-
labeled Bcl-xl015N-Bad, unlabeled Bcl-xl015N,13C-Bad.

NMR spectroscopy

NMR spectra were acquired at 308C on Bruker spectrometers
operating at proton field strengths of 500, 600, and 800 MHz. The

Fig. 4. Binding site for Bak peptide on Bcl-xL. The side chain of Phe105
is colored orange.

Table 3. Bad to Bak permutation

Sequence
Kd

~nM!

QRYGRELRRMSDEFVD~Bad 16-mer! 50,000
GQVGRQLAIIGDDINR ~Bak 16-mer! 480

QQYGRELRRMSDEFVD 33,000
QRVGRELRRMSDEFVD 95,000
QRYGRELARMSDEFVD 280,000
QRYGRELRI MSDEFVD 30,000
QRYGRELRRI SDEFVD 120,000
QRYGRELRRMSDEI VD 190,000
QRYGRELRRMSDEFND 24,000
QRYGRELRRMSDEFVR 3,300
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backbone resonances of Bcl-xL in the complex were assigned from
a suite of deuterium-decoupled triple resonance experiments@HNCA,
HN~CO!CA, HNCO, HN~CA!CO, CBCANH, CBCA~CO!NH#
on a 15N, 13C, 2H-labeled protein bound to unlabeled peptide
~Yamazaki et al., 1994!. The side-chain signals were assigned from
HCCH-TOCSY, HC~CO!NH-TOCSY, HACACO, and15N-edited
TOCSY experiments~Bax et al., 1990; Logan et al., 1992; Mon-
telione et al., 1992; Grzesiek & Bax, 1993!. Stereospecific assign-
ments of the Leu and Val methyl groups were obtained using the
biosynthetic approach described by Wüthrich and co-workers~Neri
et al., 1989!. The backbone resonances of the peptide were as-
signed from HNCA, HN~CO!CA, CBCANH, CBCA~CO!NH
experiments on15N,13C peptide bound to unlabeled protein. Side-
chain assignments for the bound peptide were obtained from 2D
TOCSY and NOESY experiments. Intramolecular proton–proton
distance restraints were obtained from 3D15N-edited NOESY and
13C-edited NOESY experiments acquired with a mixing time of
80 ms on both the samples with labeled protein and the samples
with labeled peptide~Fesik & Zuiderweg, 1988!. Intermolecular
distance restraints were also obtained from these NOESY experi-
ments and from a 3D13C-edited~v1!,12C-selected~v3! NOESY
experiment recorded on the sample of uniformly15N,13C labeled
Bcl-xL bound to unlabeled peptide. Slowly exchanging amide pro-
tons were identified by recording a series of 2D1H015N HSQC
spectra at increasing times after exchanging the samples into2H2O.
These studies were conducted with the unlabeled Bad peptide bound
to 15N-Bcl-xL or 15N-labeled Bad peptide bound to unlabeled Bcl-xL.

Structure calculations

Structures were calculated for the Bcl-xL0Bad peptide complex
using torsional angle dynamics~Stein et al., 1997! followed by
simulated annealing with a modified version of the X-PLOR pro-
gram ~Brünger, 1992!. The calculations employed 2,121 NOE-
derived proton–proton distance restraints, 162 hydrogen bond
restraints, and 192w andc torsional restraints obtained from an
analysis of the C9, N, Ca, Ha, and Cb chemical shifts using the
TALOS program~Cornilescu et al., 1999!. Based on intensity, the
NOE-derived restraints were placed into one of four upper-bound
categories~3.0, 4.0, 5.0, or 6.0 Å!.

Circular dichroism

Peptides were dissolved in 40 mM sodium phosphate buffer, 30%
TFE, pH 7.0, at a concentration of;0.1 mg0mL. CD measure-
ments were acquired at room temperature using a JASCO model

J-715 spectropolarimeter with a 0.3 cm cuvette. The CD signal at
222 nm, after subtracting the blank, was converted to mean residue
ellipticity, @u#obs, using the equation:

@u#obs5 100@u#2220Cnl

where C is the peptide concentration in millimolarity,n is the
number of residues in the peptide, andl is the pathlength in
centimeters.

Percent helix was then derived using the following equation:

% helix5 @u#obs2 @u#coil 0@u#helix 2 @u#coil

where@u#helix is the mean residue ellipticity for a complete helix,
i.e.,242,500~12 ~30n!!, and@u#coil is the ellipticity for a complete
random coil, i.e.,1640 ~Rohl et al., 1996; Meyers et al., 1997!.

Fluorescence spectroscopy

The relative affinity of each peptide for Bcl-xL was determined
using a fluorescence polarization-based competitive binding assay
with a fluorescein-labeled Bad peptide NLWAAQRYGRELRR
MSDK~FITC!KFVD ~Synpep Corporation, Dublin, California!.
The dissociation constant of this fluoresceinated peptide from Bcl-xL

is ;30 nM.
All titrations were automated by means of an Abbott clinical

diagnostics instrument~IMx, FPIA mode!, modified with a special
protocol for performing titrations. A complete twofold dilution
series, comprised of 20 separate 2 mL samples, was obtained by
delivering appropriate individual aliquots to the first seven tubes,
aliquots from an intermediate diluted stock for the next seven, and
one more intermediate dilution for the final six. Dilution buffer for
all stocks and samples was 120 mM sodium phosphate at pH 7.55
with 0.01% bovine gamma globulin and 0.1% sodium azide. The
concentrations of the DMSO stock solutions of the peptide were
1–4 mM, as determined by Trp absorbance~O.D. 280 nm!, Tyr
absorbance~O.D. 293!, or amino acid analysis. The final DMSO
concentration for all samples never exceeded 1%. Twenty 1.8mL
samples were prepared without fluoresceinated peptide and read as
blanks. To each tube, 0.2mL of a Bcl-xL, fluoresceinated peptide
mixture was added; the tubes were incubated for 5 min at 358C,
and then read for total intensity and polarization. Free and bound
values for the fluoresceinated peptide were constant within a range
65 mP. Final Bcl-xL concentration was 114 nM. Comparisons
with other, lower Bcl-xL concentrations, were made for the wild-

Table 4. Affinity vs. helix propensity

Sequence
Kd

~nM!
%Helix in
30% TFE

QRYGRELRRMSDEFVD ~Bad 16-mer! 50,000 7
QRYGRELRRMSDEFVR 3,300 13
GQVGRQLAIIGDDINR ~Bak 16-mer! 480 22

NLWAAQRYGRELRRMSDEFVDSFKK~Bad 25-mer! 0.6 44

QQYARELRI MADEFVR 439 28
DDYARELRMMADEFVR 203 46

Bcl-xL0Bad interactions 2533



type Bad peptide. Additional controls using buffer lacking BGG
showed that nonspecific binding to BGG was negligible.

Steady-state polarization data can be analyzed to extract the
fractions of bound and free fluorescent ligand owing to the linear
additivity of their anisotropy values, weighted by their respective
fractional intensities~Lakowicz, 1983!. Nonlinear least-squares
curve fitting of titration data to a model for simple equilibrium
binding of the fluoresceinated peptide to Bcl-xL was accomplished
by programming standard binding equations, solved in terms of
bound, free, and observed anisotropy values, into the model de-
velopment program MINSQ~V. 4.03, Micromath Scientific Soft-
ware!. To determine affinities of nonfluorescent peptides, the
analytical approach for equilibrium competition binding taken by
Dandliker and co-workers was used, again employing MINSQ for
fitting of titration curves~Dandliker et al., 1981!. Confirmation of
the validity of these experimental and fitting procedures was ob-
tained by comparing results after performing fluoresceinated pep-
tide binding and competition binding titrations at different fixed
Bcl-xL or fluoresceinated peptide concentrations.

Peptide design

Individual residues of the Bad 16-mer, which are not involved in
protein binding, were sequentially modified with in-house written
software, and each mutant peptide was then evaluated for helix
propensity using the program AGADIR~Muñoz & Serrano, 1995a,
1995b!. Once the optimal residues were determined for each po-
sition, adjustments were made to maintain the overall charge bal-
ance and amino acid diversity of the peptide, while still maintaining
total helicity.
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